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The mesonic hesvy quark spin multiplets with s;* = i—,+ and %+ are ex-

peeted to be the lowest-lying excitations above the pseudoscalar and vector

ground states with s5* = 3, I show that for charm end bottom these multi-

plets are probably inverted, with the 2% and I¥ states with 53¢ = %+ about
150 MeV below the 1+ and 0 states with 5;° = %+. If verified, such an inver-
sion would both support the expectation that confinement has no dynamical
spin-dependence and indicate that heavy- and light-quark systems may be
characterized by the same effective Jow-encrgy degrees of freedom. As an im-
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L. INTRODUCTION

Heavy Quark Symmetry [1,2] places very strong constraints on the spectroscopy [3] (in-
cluding masses and decay widths) of hadrons containing a single heavy quark @. In particu-
lar, in the limit mg - oo, the spectrum of such hadrons is required to consist of degencrate
spin doublets with J£ = (s,:l:%)" built on “brown muck” states with light quantum mimbers
s¢* {4} In this limit it is further required that the iwo states of an s;* spin multiplet have
the same total strong interaction width, with the relative strengths of their four couplings to

s’y

any §; * spin multiplet also determined by light-spin-coupling Clebsch-Gordan coefficients.
Heavy Quark Symmetry also dictates how thesc limiting relations are broken by matrix
clements of operators in a 1/mg expansion.

One of the things that Heavy Quark Symmetry cannot do is predict the spectrum of the
“brown muek”, i.e., the positions of the s;* multiplets, since these are deterimined by the
dynamics of strong QCD. In this case, however, the simplicity of these systems provides us
with a powerful probe of this poorly understood dynamics: these hadrons are the closest
analog we have in strongly interacting systems to the hydrogenic problemn in QED. (For
example, in the constituent quark medel, the dynamics of mesons with a single heavy quark
is that of a single constituent spin-% (anti-}particle orbiting the origin.) As Bjorken has
suggested (5], such systems offer unique opportunities to study the “brown muck” one chunk

at a time.

II. A MODEL FOR THE LOW-LYING EXCITATIONS

In the constituent guark model, the “brown muck™ of a meson containing a heavy quark
@ is just o single constituent antiquark § interacting with @ wia strong chromoelectric and
chromomagnetic ficlds. This picture is also obtained in the large N, limit of QCD. In the
real world, this valence quark picture is modified by “unquenching”, 1., by the effects of

light quark-antiquark loops.

If both €} and § were heavy, i.e, if both mg and mg were large compared to Agep, then
this system could be rigorously described in QCD by & nonrelativistic Schrodinger equation

with a generic two-body effective potential of the form
V=V+V,+V,, {1)

where the three potentials are the central (c), spin-spin {ss}, and spin-orbit (so} potentials,
respectively. Using a double heavy quark expansion, it follows that (to leading order in

1/m}, 1/mqmy,, and 1 /m:) these potentials have the most general forms

Vi(7) = Vig(r), @
1 - - 3§ . -g' -7 = o
Yaulr) = mohi, {VM("}SQ St Vil (%I “oe Sﬂ) } ' W
and
AN T
Vi (7} = Vatr) - [m—%+m—fi e L (Sa+5) @

where Vo, Vig, View, Vi, ad V; represent the leading mass-independent picces of what
are, respectively, the low-energy static interquark potential, the hyperfine interaction, the
tensor interaction, the one-body-type spin orbit interaction and the two-bady-type spin orbit
interaction. In quark models in which the interquark forces arise from flux tube formation
plus one-gluon exchange, Vy contains the static Coulomb and linear potentials, Viz, Vien,
and V5 arise from the Breit-Fermi reduction of one gluon exchange, and ¥ contains both
color-magnetic effects from one gluon exchange as well as the effects of Thomas precession in
Vin. I a more gencral case (e.g., if quark loops are taken into account), the interpretation of
these potentials changes, but this generic expansion does not: it relies only on the validity
of an adiabatic approximation to the interquark potentials which freezes out all but the
assumed heavy @ and 7 degrecs of freedom [6].

The standard assumption of the nonrelativistic valence quark model is that this same

Schrodinger equation, which would be valid for the low-lying states of sufficiently heavy



quarks @ and ¢. may be extrapolated to constituent quark masses of the order of Agen-
1 will adopt this model for the following discussion, noting that it meets the minimum
requirements for application to our problem: it respects the constraints of Ileavy Quark
Symmetry for mg >> m, as well as the constraints of light quark flavor symmetry when

My = My.

1IT. CALCULATIONS
A. The Mass Matrix

We are primarily interested here in the low-lying positive parity excitations of a heavy
meson system, which we assume may be described in a first approximation (e.g. as part of
a 1/N, expansion) by the s* = %+ and §+ multiplets associated with an L = 1 excitation of
the g relative coordinate in the nonrelativistic valence quark approximation. We therefore

introduce the excited state basis (3]

1iE) =Py (5)

3B, = [g. *P,>+J§| P (6)
| 1E) = f-‘aw *m—@ P (7

3By = | 2Py (8)

where the notation is [ *E,) and | 2571L ;) with § = 85 + 5 the total quark spin and L the

Q7 relative angular momentum. In the | * £} basis, the matrix elements of Uy, + 1, are

P Sh—2t+200 o f 1 . 1 ()
z 2mgmy, 2 \mh m?
-Sh+2t -0 -5 3 _ VIh+yi—o Zy
= lzmqrnqo + Qf-l (an + 53) dmgmng =+ AmZ, (10)
1 T ) 1Y Attt | o1 (_1‘_ _ _1!)

Amgrey Imz, L2mgmg

) I — 4t ~ 8o 1 1
a,nu:;“____fj_“l —+ — {11
dmgmy, mg mg

m an obvious notation where &, £, 0, and o9 are the expectation values of Vi (r). Vi, (r}
and the spin-orbit potentials ¥1(r) and Vo(r), respectively, as defined by Eqs. {3) and (4).

In the heavy guark lunit, the expectation values h. t, oy and o, are imdependent of mg
sinee the internal wavefunction of the Q4§ system becomes independent of mg as mg — oc,
and the potentials 17 themselves. as defined in Eqs. (3) and {4). are mass-independent. In
this limt. the mass matrices of Eqs. (9)-(11) are diagonal with

01

m% Em(%Ez) =m(%E1)=m3,o+§;g (12}
and
i @
my =m(iE)) = m{Ep) = my, — El:-; . (13)

where gy, is the expectation value, common to all four states, of the spin-independent parts
of the Hamiltonian as mg — oc. The main new result of this paper will be to show that o,
is almost certainly large and negative.

That spin-orbit muitiplets of Qd systems might be inverted was suggested long ago by
Schnitzer [7)] in the context of the nonrelativistic quark model. In this work we incorporate
much of the same physics in the rigorous framework of Heavy Quark Symmetry, update the
determination of unknown hadronic matrix elements, and counsider the effects of ¢F loops on
the extraction of these matrix clements. While differing from Ref. [7] in many details, our

qualitative conclusions are remarkably similar.

B. The Extension to Light Mesons

Our predictions for heavy meson systems are based on an analysis of the observed P-
wave (O states with () = s and u. Since the expectation values of h,f, 0 and o; are
independent of mg only as mg — o0, one might expect to lase any connection between

these matrix eletments (and in particular ¢, responsible for the mass splitting shown in Eqs.



(12) and (13)) and the properties of systems with @ = 5 and u. Howcever, there is compelling
phenomenoclogical evidence that this connection is not lost. Fig. 1 shows the evolufiou of
the specira of Qd systems for Q = b, c, s and u. These spectra and associated data strongly
suggest that these systems all have the same low-energy effective degrees of freedom, and
that the breaking of Heavy Quark Symmetry is a smooth function of 7ng from mg — oo to
mg = my,. In particular, Heavy Quark Symmetry predicts that:

1} the splittings of the centers-of-gravity of the s;* = %_ and §+ multiplets will be
constant up to 1/mg corrections, as observed,

2) the 1~ — 0~ splittings of the s7* = %7 maltiplets will open up like 1/mg (as observed
withp—m K*-R: D*~D. B —-f=~1: Bu . "u . T for canonical (8] constituent
quark masses of m, = 0.33 GeV, m, = 0.55 GeV, m, = 1.82 GeV and m; = 5.20 GeV),

3) the 2+ — 17 splittings of the s5* = g* muitiplets will also open up like 1/mg (as
observed for the D — Dy, A;(1420) — K,(1280}, and ap — (';-’bl + alal) splittings (the latter
difference involving the linear combination of the b and @, masses that corresponds to the

unmixed %El state),
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Fig. 1: the evolution of @Qd spectra from @ = b to Q = u; B and B, which are not yet
separately identified, are shown here with their measured center-of-gravity and predicted

splitting.

4) the phase-space-corrected pion cmission decay widths of the 2% and 1% members of
the 5 = §7 multiplets to their ground state sj* = 1~ multiplets should be equal {as
observed; in addition, vach of the D) and Kj have approximately the predicted ratio of
their amplitudes to the [17], and {0~ |, final states), and

5) the decay amplitudes of a given sy multiplet should be independent of mq (as ob-
served: for example, the phase-space corrected decay amplitudes of D; to D*r and of K3
to K*m are approximately equal).

While the persistence of these Heavy Quark Symmetry predictions down to the light
quark mass scale might be unexpected, the dynamics of these systems within the quark
model provides some understanding of its resilience. We first note that the solutions [8] of
the Vg + Viy problem (with a regulated hyperfine interaction) give wavefunctions for the
ud, sd, ed and bd systems with radii in the ratios of 1 : 1.07 : 1.10: 1.05 for the 0~ states,
1:1.10: 1.27: 1.33 for the 1~ states, and 1 - 1.07 : 1.18 : 1.25 for all of the P-wave states.
While not negligible, these variations from Heavy Quark Symmetry are certainly modest.
One also learns from the quark model calculations that the matrix elements which govern the
strengih of 1/mg eflects, namely h,t, 01,09, and the expectation value of p? | are themsclves
of the scale of my so that while the perturbations they represent may not be accurately
computed by first order perturbation theory, they will not be wildly misrepresented.

The hypothesis that Heavy Quark Symmetry might be smoothly extended to light quarks
hias been adopted by a number of authors. For applications to semileptonic decays, see Refs.
[9] in addition to Ref. [8]. For spectroscopic calculations closely related to ours see Refs.

[10,11].

C. Unguenching the Quark Model

The greatest threat to the assumed smoothness of the extrapolation in mg from heavy
to light masses is probably not in the mg-dependence of the Breit-Fermi reduction of the

confinement-plus-one-giuon-exchange interaction, but rather in the mg-dependence of the



effeets of light quark-antiquark loops (a 1/N, effect).

In the former case, mg-dependence arises from the expansion of the @ currents in the
gluonic potentials generated by the “brown muck™. While a nonrelativistic expansion of these
currents may be crude, the constituent quark masses are after all free parameters which one
may expect to be able to hide many of the defects of the nonrelativistic expansion. Assuming
a smoath behavior of the effects of “unquenching the quark model” is potentially a mnch
more precarious proposition. To understand why this is the case, we briefly review some

recent work in this area [12].

1. A Review

We begin by addressing the origin of the valence approximation itself. A form of this
approximation emerges from the large N, limit {13] in the sense that diagrams in which only
valence quark lines propagate through hadronic two-point functions dominate as N, — co.
However, this dominance does not seem to correspond to the usuel velence approximation
since the Z-graph pieces of such diagrams will produce a g sea. Consider, however, the
Dirac equation for a single light quark interacting with a static color source. This equation
represents the sum of a set of Feynman graphs which also include Z-graphs, but the effects
of those graphs is captured in the lower components of the single-particle Dirac spinor.
Ie., such Z-graphs correspond to relativistic corrections to the quark model. That such
corrections are important in the quark mode} has been known for & leng time [14]. For us
the important point is that while they have quantitative effects on quark model predictions
like g4, they do not qualitatively change the single-particle nature of the spectrum of the
quark of our example, nor would they qualitatively change the spectrum of ¢7 or gg svstoms.

Given the valence approximation, it is still surprsing that quark medel spectroscopy
survives ‘unquenching”. Consider two resonances which are scparated by a mass gap dm
in the narrow resonance approximation. In general we would expect that departures from

the narrow resonance approximation, which produce resonance widths [, ought also to

produce mass shifts Air of order I'. Yet even though a typical hadrome mass spectzum is
characterized by mass gaps ém of order 500 MeV, and typical hadronic widths are of order
250 MeV, this docs not seem to happen. In the flux tube model [i5], the quark potential
model arises from an adiabatic approximation to the gluenic degrees of freedom embodied in
the flux tube. At short distances where perturbation theory applies, the effect of Ny types
of light ¢§ pairs is {in lowest order) to shift the coefficient of the Coulombic potential from
al0{(F?) = m to a_(;N’)(Qz] = f_!s—_ﬂml;?ﬁ’_’l!\’;? The net effeet of such pairs is thus
to produce a new effective short distance @ potential. Simitarly, when pairs bubble up
in the flux tube (ze., when the Aux tube breaks to create a @F plus g system and then
“heais” back to Q@Q), their net effect is to cause a shift AEy, (r} in the ground state gluonic
energy whick in turn produces a new long-range effective Q@ potential. [t has indeed been
shown {12] that the net long-distance effect of the bubbles is to create a new string tension
b"! (i.e., that the potential remains linear). Since this string tension is to be associated with
the observed string tension, after renormalization pair creation has no effect on the long-
distance structure of the quark model i the adiabatic approximation. The net effect of mass
shifts from pair creation is thus much smaller than one would naively expect from the typical
width I': such shifts can only arise from nonadiabatic effects. For heavy quarkonium, these
shifts can in turn be associated with states which are strongly coupled to nearby thresholds.
It should be emphasized that it was necessary to sum over very large towers of Q7 plus ¢@
intermediate states to see that the spectrum was only weakly perturbed (after unquenching
and renormalization). In particular, no simple truncation of the set of meson loop graphs
can reproduce such results.

The final puzzle of hadrenic dynamics which we must address before “unquenching” is
the success of the OZI rule [16]. A generic OZl-violating amplitude Apz; can also be shown
to vanish like 1/N.. However. there are several unsatisfactory features of this “selution” to
the origin of the OZI rule [17]. Consider w-¢ mixing as an example. This mixing reccives
contributions from both truc “hairpin graphs” and from the virtual hadronic loop process

w — KK — ¢, hoth steps of which are OZI-allowed, and each of which scales with N,



like 12 ~ N7Y2 The large A, result that this OZ1-violating amphtude behaves like N7
is thus not peculiar to large N it just arises from “unitarity” in the seuse that the real
and inaginary parts of a generic hadronic loop diagram will have the same dependence
on N, The usual interpretation of the OZI rule in this case - - - that “duuble hairpin
graphs™ are dramatically suppressed - - - is untenable in the light of these OZT-allowed
loop diagrams. They expose the deficiency of the large N, argument since Agzy ~ I ls nota
good representation of the OZ] rule. {Continuing to use w-¢ mixing as an example, we note
that. m,, — m, is sumerically comparable to a typical hadronic width, so the large N, result
would predict an w-¢ mixing angle of order unity in contrast to the abserved pattern of very
weak mixing which implies that Agz; << I' << m.) Unquenching the guark model thus
endangers the naive quark model’s agreement with the OZI rule. It has been shown [12]
how this disaster is naturaily averted in the flux tube model through a “miraculous” set
of cancellations between mesonic loop diagrams consisting of apparently unrelated sets of
mesons (e.g., the KK, KK=+ K*K, and K* K" loops tend to strongly cancel against loops
containing a K or K° plus one of the four strange mesons of the L = 1 ineson nonets). Of
course the “miracle” occurs for a good reason. In the fiux tube model, where pair creation
occurs in the *P, state, the overlapping double hairpin graphs which correspond to OZI-
violating loop diagrams cannoi contribute in a closure-plus-spectator approximation since
the 0** quantum numbers of the produced (or annihilated) pair do not match those of the
initial and final state for any established nonet. In fact [12] this approximation gives zero OZ1
violation in all but the {still obseure) G** nonet. In addition, corrections to the closure-plus-
spectator approximation are small. so that the observed hierarchy A,z; << [ is reproduced.
It must be emphasized once again that such cancellations require the sunmmnation of a very
large set of meson loop diagrams with cancellations between what are apparently uurelated
sets of mtenmediate states, and that no truncated low energy hadrome clfective theary eonld

reproduce such behaviour.

2. Quertnew of Quark Loop Effects

With this background in mind. we first consider the breaking of Heavy Quark Symmetry
by quark loops in the “safe” region mg >> Agep. In this region the masses and coupling
constants of all particles contributing to a given light-quark-induced set of hadronic loop
diagrams will be near their heavy quark limit, each hadronic loop generated by the quark

loop will have an amplitude which may be expanded in 1/mg as
a, = ap + G (i) + 14
1 0 11 mQ EET { )

and a smooth 1/mg expansion is guaranteed. However, as mg — m, and m,,, two potentially
dangerous effects arise which could destroy this smooth expansion:

1} For mg = my, and a fortrori for mg = mt,, symmetry breaking in the ground state
masses is so large that the 1/mg expansion might simply fail.

2) For mg = m, or m,,, when the light quark loop is an s or u loop, respectively, new
coherent processes arise which simply change the amplitudes a, to new functions!

Having raised these potentially serious objections to a smooth 1/mg extrapolation, let
us immediately see why their effects are unlikely to be dramatic. We begin with the sec-
ond difficulty. In the adiabatic approximation, all flavors of quark loops contribute to the
renormatized Coulomb and linear potentials: c, = ot and b = 6/¥). Thus the effect of
the new amplitudes ¢, can only be to a reshuffle strength from one threshold to another
with no net effect. Consider the concrete example of the mass shifts experienced by scalar
mesons. We will focus on three states: the generic heavy quark meson 1Ey {with quark
content Qd) and the two non-flavor-singlet light svstems K and aq with quark contents sd
and ud, respectively. Most of their total mass shifts will be subsumed into the adiabatic
potentials associated with at™* and BINA | but they will alse experience non-adiabatic shifts
associated with nearby thresholds. In particular, let us examine the mass shilts they expe-
rience due to their couplings to the lightest channels arising from pseudoscalar-pseudosealar

loop diagrams induced by ui, dd, and 55 quark loops. These diagrams correspond for the



generic heavy scalar to 1E, — Pr 1 By, Y By — Py —1 Ey, 1By — Py -1 B, and
iE, = F.K —1 By (P denotes the Qd or Q& pseudoscalar; P, is the Q5 pseudoscalar), for
the sd scalar to K3 — Rr — K3, B — Kn — K, and K; — K’ — Kg, and for the ud
scalar to ap — [T -+ ag, gy — N'T — ag, and ay — KK — ap. Despite the fact that there
are discrepancies between the strengths and even numbers of these thresholds, we know that
in the SU(3) limit, dm,, = 6m,-(3, and in the limit m, >> Agep by Heavy Quark Symmetry
dmy; = bmy B

It is instructive to see how this happens in detail. In the flux tube-breaking model the
couplings of éEo to Px, Pn, Pxf, and F,K are proportional to 1: \/%cosqbp : \/gsimpp : \/g;
those of K3 to K, Kn, Kn'to 1: ngs‘ﬁp— \gsinq&p : ‘/%_sinqﬁp+ \gcosqﬁp; and those of
ag to 7w, 'm, and KK to \/§C08¢p : @sinqﬁP : —\/%. (These ratios are all quoted using the
angle ¢; which describes the deviation from ideal mixing: ¢, = thgeat — 0; with @,gear ~ 35.3°
and #; the ordinary SU(3) mixing angle so that, e.g., 7 = ‘/%_(uﬁ + dd)cosgp — ssingp and
7 = \/E(uﬁ + dd)sindp + s5cosgp . I # = —10°, then one would be close to the case of
“perfect” pseudoscalar mixing [18] where ¢p = 45°. In what follows, for simplicity we quote
numerical results for the two cases ¢p = 45° and ¢y = 0 since our qualitative conclusions
are independent of this angle.) One immediately sees that if the intrinsic coupling strengths
S of each state to these loop diagrams are the same (as supported by the discussion of the
previous subsection), and if all thresholds were equidistant from the state being shifted,
that each of § By, K3, and ag would experience & mass shift proportional to 2|5 |2. From this
example we gee that the “second potentially dangerous effect™ of echerent new amplitudes
a; is actuslly controlled by the same physics as the first: non-smooth behavior in mg can
oceut if important low-lying thresholds are split in such a way that they affect a state
discontinuously as a function of mg.

The danger from such discontinuities is real, and an examination of their potential jim-
pact on our analysia will be the focus of the remainder of this subsection. We begin by

remarking that the thresholds which are likely to produce non-smooth behavior in 1/mg

are those associated with S-wave channels: such channels have a cusp discontinuity right st
threshold, while for higher partial waves the coupling strengths are shifted to higher masses
and smoothed cut. Table I gives the low-lying S-wave amplitudes of the four Qd states
of the sf* = 1" and %4’ heavy quark spin multiplets to the s;* = 17 ground states and a
ground state light quark pseudoscelar or vector mesen. The amplitudes for the analogous
@ = s states are given in Table 11, while those for the @ = w states as, by, @, and a4 arc
quoted in Table II1.

These tabulated decay amplitudes A have been defined so that for a kinematically allowed
decay the corresponding partial width I' = |A(g?){%¢ where g is the center-of-mass three-
momentum of the decay. In the 3F,; approximation to the flux tube model we use, and in
a set of harmonic oscillator variational wavefunctions, the amplitude A{g} itself is given for

our generic decay E — (P, V)(, p) by [19]

2
Aqlr?) = Aq(0) [1 -5 - &) +f@)] (15)
Q
with
_ Byor¥/t {ﬁa]m { % r” -
Ag(0) = Lo 2
2(0) o8y 8= Brofie Fale®) . (16)
1
=3 (8% + 854 +825) (17)
¢ Efé_(lwa ﬁ%) (18)
Q 3ﬁi‘ Qﬁav )
o B[40+ ALY + Bhy + BEAY
Foti) = v (-1 s ) u
and
_ Mg — My
@ mg+my (20)

with 3; the variationally determined [8] harmonic oscillator parameters for the state 7, i.e.,

1, ~ (polynomial); x exp|- 1622,



TABLE 1. S-wave decay amplitudes (in units of 5) of the s;" = %" and %4 excited state heavy
quark spin multiplets to the s;* = %_ ground state heavy quark spin multplet and a light pseu-
doscalar or vector. Decays to Pr, Vr, Pp, and Vp (where P and V are the 07 and 17 €d ground
states) are showa explicitly. Decays to other light ground states may be obtained using the flavor
ratios (PV)m.p) + (PV)m.w) : (PV)(.9) = (PuVol (R E7) = 11 \fTrose,  \flsma, /3.
where Iy and V) are the Q3 ground states and ¢, is the light flavor multiplet mixing angle defined

in the text.

excited state Pr Vr Pp Vo
iE 0 0 0 -4
iE 0 0 -2 4
iE, 0 -1 L 2
e 1 0 0 5

TABLE IE. The S-wave decay amplitudes (in units of S) of the 1Ry 3K IR, and 3 g mesons

analogoux to thase of Table I Amplitudes to the mixed pairs of states (n,5") and (w, @) are given

in the Table in the format (Ay. A,0) and (A, Ap), respectively.

state Kn (K i)
F 1 ) .
%Kl - -
iKl - -
N .
3 % (coswp—v’ﬁsmd‘»pl Lsanmp+\/icos¢p)
1Ka +1 ( 73 ' 73 )
state K (K*n. K*y) Kp (Kw, K¢)
i, - - - .
i Asn E] 2v72 2v2cosgy 2T
T 0 S S v “"!-"l[' S e v o
i _ _ [ 3cospp+Iunpp Ssngp—vZeosdp 1 coagy +3v sz sngy —d/Zeos
K 1 ( B ] ' ™3 ) 3 ( W3 ' 33 )
tky, - - .
state K*p (K*w, K*¢)
§K2 - 7‘17 _ (2((:05&‘- —:j\."i:inm‘)‘ 'l(nnq:v-r;@cosm:;)
LY 2 _2&\.’55:11#1\,:-*(‘0541\,—} 2(v2cospy- —sngy-)
it 3 ( W3 -t 33 )
1 5 B o
- ¥ _ v’f(ﬂsmovﬁ-wm\:} ﬁ(ﬁcoxq)v—smqav)
A, g ( 33 o 373 )
%A’D _‘713 ((wsnpv—:\;’fsimﬁv}' U:ntnp-t-:\‘fimsnh-))




TABLE III. The S-wave decay amplitudes (in units of 5) of the a3, &), e;, and a5 mesons
analogous to those of Table I. Amplitudes to the mixed pairs of states (7,7') and {w, $) are given

in the Table in the format (Aq, Ay) and (A, Ay), respectively.

excited state n(n,) KR
a2 - -
by - -
a) - -
ag cos :_:' E —\/g
excited state o (e, ) pln.a) KR+ KK
ay - - - -
b 0 - E(wm;.:in@v) - 2(mr¢av3-amvp) —§
T 3 0 0 243@
ap - - - -
excited state pPp olw, ) K'K*
- 0 _ 4§msgva,sin¢v1 ~2y3
by 32 0 2
a1 0 0 0
ay 0 2(coa ‘,ﬂ'n v _\é_i

8. Loop-Induced Mass Shifts

With the couplings of Tables I-IIT in hand, we are prepared to explicitly examine the
formally 1/N, effects of quark loops. We begin by reminding oursclves that these offects
appear at many levels in heavy quark systems:

1. As shown in Refs. {12], nonadiabatic effects are expected to shift the renormalized
radial and orbital (principal quantum numbers n and #) spectral splittings of the valence
quark model by of order 20% {100 out of a typical 500 MeV). This “brown muck™ shift
affects the overall splitting between the centers-of-gravity of the sft = 17 and s55f = %+
states of Fig. 1.

2. As also shown in Refs. [12], nonadiabetic effects on spin-dependent splittings {hy-
perfine and spin-orbit splittings) are expected to be smaller, but still significant: unless
protected by sorue symmetry {e.g., Heavy Quark Symmetry or SU(6)} such splittings are
also vulnerable to “random” 20% shifts (20 out of a typical 100 MeV). This “brown muck”
effect is rclated to the light SU{6) flavor-spin splitting between the 53¢ = 3* and s}* = i
excited states. [t is central to our discussion and will be examined carefully below.

3. While the “brown muck™ physies of g4 loops cannot break Heavy Quark Symmetry
as mg — o9, it can coptribute to the matrix elements determining the cocficients of the
1/mg expansion. Examining the effects of hadronic loops on the smoothness of the 1/mg
expansion in passing from mg -+ my, — m, — m, — m, withm the excited 5t = %+ and
st = %Jr states is one of the main goals of this subsection.

4. Finally, loop effects cannot destroy the smoothness of the extrapolation from m,
ta my, since this smoothness is simply a consequence of ordinary light 5U(3) symmetry.
Nevertheless, this extrapolation provides the link required to connect the underlying physics
of light quark systems through the “quasi-hesvy™ s quark to mg = 00.

Figure 2 sets the stage for this discussion by showing a typical mass shift of one of our
S-wave-coupled states as & funetion of its intrinsic coupling strength and of the position

of the zeroth-order valence quark state relative to the S-wave channel in question. The



details of this curve depend on the kinematics and model dynamics of this example, hut
the qualitative features are universal. If m¥**™® is more than a GeV below threshold it

threshold the pegative

will experience a small negative mass shift; as m"€"%* gapproaches m
shift grows rapidly. It then quickly decresses in magnitude above threshold with a cusp
singularity, and finally becomes relatively small and positive about a GeV above threshold
as m*¥" ig pushed up more by the low invariant mass continuum than the high invariant

mass continuum {the effect of which is suppressed by the hadronic form factors Fp(Q?) of

Eqn. (18) associated with the vertices of the loop diagrams).

Am 4
T +0.2
N 1 n >
0.0 '.] T -z 3
A{GeY)
01

Fig. 2. a typical S-wave mass shift and its dependence on A = mieienee . qthreshotd,

shown is Am/y for Kj — Kn — K} for the simple width function [ = yze~® with g in

GeV.

We begin with the smoothness of the Heavy Quark Symmetry expansion in a given ;'

multiplet. Consider first the case s} = %+ where the S-wave thresholds are of the Pp-type
(Pp, Puw, P¢, and P,K") and Vp-type (Vp, Vw, V¢, and VaK"). Since we know from the
ed and bd systems that the asymptotic splitting between the Qd 55' = %+ multiplet and its
5t = { ground state is about 450 MeV, we know that the asymptotic positions of the four
{degenerate) Pp- and Vp-type thresholds are approximately 320, 330, 570, and 590 MeV
above the degenerate %Ez and %El states. In the exact Heavy Quark Symmetry liruit, the
coupling strength of 3E, and 3 E| at each of these thresholds must be identical: ¢.g., from
Table I, Am{3E; — Vp -3 Ep)  ISI? while Am(3E, — Pp -3 Ey) + Am(E, -
Ve -+t B 3181 + 4151* = 2SI, In the ed and bd sectors two effects can break this
cquality: 1) the bare wavefunctions, and therefore the intrinsic couplings, of 1E; and %El
can differ at order 1/mg, and 2) the threshold positions will no longer coincide (e.g., the
Dy — D*p, Dy -~ Dp and Dy — D*p threshold splittings are 320, 220, and 360 MeV and
not all at their asymptolic value of 320 MeV). Within our model it may be shown that
the former effect is negligible. However, since these channels have strengths of 4, §, and §,
respectively, the splitting of their thresholds can and does make a substantial contribution to
the D; — Dy splitting. At its calculated value of about 10 MeV, it is not negligible compared
to the observed D3 ~ Dy splitting of 40 MeV, and we can conclude that the coefficient of the
1/mq expansion of this splitting has a non-negligible 1/N, correction from hadronic loop
mass slifts.

With Tables I-III, and the analogues of Fig. 2, the effects of loops on the L = 1 spectrum
of all Qd systems can be estimated. These estimates are not very reliable quantitatively:
their overall magnitudes are quite sensitive to the assumed momentum-dependence of the
amplitudes, and even their dependence on mg is quite model-dependent. However, our
studies indicate that our estimates for mass shifts in a given channel can be expected to be
goad to within 410 MeV or a factor of 2 (whichever is larger), as can the dependence of a
given shift on mg. Thus the estimates may be taken to be a reasonable qualitetive puide to

the eifects of “unquenching the quark model”. Since for large myg the loop effects must ohey



Heavy Quark Symmetry, most of these estimates may be encoded into a set of coefficients
Rlow fm2, oo i3 ofP tm? and of"®/m3, which give the estimated loop contributions to
these universal expansion coefficients. The results are displayed in Table IV.

Table IV also shows the “best fit” velues of the spectroscopic parameters (to be discussed
below) and the difference which we use to define an estimate of the valence contribution to
these parameters. We see that, relative to the valence contributions, loop effects make
small contributions to the spin-orbit parameters which are central to our discussion. Their
contributions to hyperfine splittings are small compared to the S-wave hyperfine splitting
parameter hpyfm3 = 640 MeV, but large compared to the P-wave parameter h/m}. Since
in the nonrelativistic limit A"*™* fm3 = 0 (see Section IV), this may be viewed as natural.
The loop contribution to t/m3 is, in contrast, surprising large compared to the valence
estimate. As will be seen in Section IV, the latter is quite consistent with expectations.
This is apparently an example where 1/N, is not sufficient small to make the large-N;
expansion quantitatively useful.

While the description of the loop contributions to the spectrum of @d systems by the
universal set of parameters of Table TV is guaranteed for mq large, as discussed above its
validity for Q = s and u is dubious. Our estimates in fact show it working remarkably well
(within 20%) for Q = s, but failing for @ = u where h{™/m} =~ —30 MeV, t{P/m} ~ —45
MeV, and 6°% /m3 + 67 fm3 ~ 430 MeV (only the combination 0 + 0z can be determined
from @ = u; see below). These values, and capecially AP /m3, are inconsistent with the
results shown in Table IV. The source of this failure of the Heavy Quark expansion is easily
traced. As one passes from @ to b to ¢ to s, the masses of the states gEl and %El approach
the Pp (and related) thresholds very smoothly from below, but for @ = u, where P = 7,
they jump above the cusp and a linear extrapolation fails dramatically. A similar effect
occurs for the states iEo with the Pr channel. As a result, while we may expect a smooth
extrapolation to € = u of the valence propertics of ud systems, we must carefully examine
the effects of loops on these systems.

Before leaving our analysis of loop effects, we focus for a moment on the loop-induced

TABLE IV. Estimated loop contributions to the spectroscopic paramcters, fit values of those
parameters, and the deduced valence contributions to them {in MeV). These estimatcs are based

on an S-wave width coefficient (see Fig. 2) of v = 0.8 deduced from b; — wm.

hfm3 t/m} o /m o3/m3

loops +50 =70 +40 +15
fit +90 —40 -120 +160
valence +40 +30 -160 +145




splitting of the centers-of-gravity of the 53¢ = g* and s;* = %*’ altiplets, which is one of the
main foci of this work. In a D system (where D is a hypothetical heavy-quark version of
the d quark), in which the adiabatic approximation would be valid and where Heavy Quark
Syminetry would guarantee the spin-independence of the loop contribution to the adiabatic
potential, this splitting would vanish. An explicit example of this may be seen in Table I: if
the P'r”, V'r", P"", and V"p" thresholds were all equal, as they would be for “n™ and
“¢" being D# systems, then since the sums of the squares of the couplings of each of the four
states to these four channels are equal, their loop-induced mass shifts would all be equal.
The vanishing of the 16, -1 E end %El —4 By splittings is just a result of Heavy Quark
Symmetry and doesn't require mp — 0o; the vanishing of the splitting between these two
degenerate multiplets is a consequence of the adiabatic approximation. In contrast, since d

is not a heavy quark, we expect loop-induced violations of this degeneracy in Qd systems.

D. The Data and Sone Comments on It

Our fit is based on data [20] from the kaon (sd) sector, where we use the masses of the
two states J(3(1430) and K,(1270) associated with the sj* = " multipet, and the two
states A;{1400) and K3(1430) associated with the s;* = %+ multiplet. In making these

associations, we rely on analyses of the decay patterns of the K;(1270) and A7 (1400) which

show them to be quite neer to being pure s7° = 3™ and sj* = 17 states, respectively, with
[K1(1270)) = cos g, 2 K} + sin g, |1 1)) (21)

[ (1400)) = sin e, B KG) — cos e, | P HT) (22)

with a mixing angle ¢g, ~ —12+ 7° [11,21].
Qur fit also tekes into account theoretical constraints from the ud light meson sector,
where isospin syminetry guarantees that the mass cigenstates are states of definite charge

conjugation versus states of definite s;*. Since tensor mixing (in this case between 3% and

3F3) is expected to be negligible, the 2+ state of the 8 = %+ nultiplet can be identified
with a;(1320) while the 0* of the s} = %4‘ multiplet would be uniquely associated with the
ud state ap. Unfortunately, the experimental status of this latter state is very murky. The
two J” = 1" states b, (1235) and e, (1260) in this sector are particularly interesting. In this
case the s7' = %+ and s;‘ = %+ must mix to precisely a mixing angle of cos“\/i’/_3 ~ 35.3°

to produce states of good charge conjugation:

[t} = @liEl)+£|%El) (23)
|a;)=\/§i%a>—‘/§&a> : (24)

In this sector, indeed, the 1* mass matrix {10) collapses to the form

Lo -1 -2
m+(h+g f;: 02) 2 (25)
dmg -v2 4}
with
.1 {h—t+2(0; + 09))

where m,; is the expectation value of the spin-independent. patt of the Hamiltonian, leading

to the eigenvalues in the whole P-wave sector of

171 1
Mg+ = My, + ;g [Eh - iat + (o1 + 02)] (27)
171 1
M+s = My, + f‘m'—z [Zh+ Et — (o +02)] (28)
171
Mges = My, + m—a [ah —t—2(01 + Oz)J (29)
3h
Mys- = My — —4m§ {30)

corresponding to the standard matrix elements of Viy, Vien, V1, and ¥, in the ¥+ L baais,

Note that in the light meson sector only the combination o, + o, enters.
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Fig. 3: The mgp-dependence of the P-wave spectra {solid curves). Vertical lines show the
values of mg/mg corresponding to each of @ = u, 5,¢ and b The dashed curves illustrate

possible connections to the observed {and unobserved) ud states.

The “fit” parameters of Table IV are based on just the sd data. On the basis of the
observations made above on the sinoothness of the extrapolation from mg — oo to g = m,.
we apply the sd parameters for all mg > m, to predict the excited spectra in the cd, bd. and
(Qd systems. The results are shown in Fig. 3 and compared to experiment in Table V. The
overall [it seemns satisfactory. Given that the loop contributions are not simoothly behaved
passing to € = u, for the il svstetn we might consider adding our valence parameters to the
computed ud loop parameters to obtain the predicted ud spectrum. On doing so we obtain
By /m? = ~5+ 30 MeV. t,/m3 = 0230 MeV. and o ,/m3+ 0y o/m% = 04 30 MeV_ where

we have shown explicitly the estimated theoretical errors ansing from our loop calculation.

TABLE V. Comparison of the fit to experiment. The fit values of mg, for Q = u,s.c. and b are

1281, 1385, 2490, and 5765 MeV, respectively.

state predicted mass (MeV) observed mass (MeV) (21} comments
[+ 2 see Fig. 3 1320+ 5

by see Fig. 3 1230 + 10

a see Pig. 3 1230 £ 40

an see Fig. 3 - note 1
K3 1415 1430 £ 5

Ky 1300 1275+ 10

K 1415 1400 + 10

K} 1395 1430 + 10 note 2
dr, -3 -12x7°

D3 2460 2460 £ 5

Dy 2415 2420+ 5

Dy 2585 .

Dy 2565 -

op, -

b3 5715 - see [23)
B, 5700 - see (23]
B 5875 .

By 5870 .

I, -1

note 1: predicted [19] 1o be very broad, [ ~ 500 AfeV, and strongly coupled to the nearby
S-wave thresholds 4’7 and KK see Ref. [22].
note 2. predicted [19] to have T ~ 200 MeV as observed, but to be very strongly conpled

to the nearby S-wave Ry threshold.



From these parameters one can deduce little about the ud system except that all four states
should be lonsely clustered around their center-of-mass. Therefore, instead of using these
parameters to make & prediction, we show in Fig. 3 the experimental values of the a,, a1,
and b; masses to illustrate that they are consistent with an extrapolation from heavier quark
systems. (To determine m,;, we assumed, in the absence of other information, that the ay
lies at the center-of-gravity of the other states, i.e., at 1270 MeV.} This exercise shows that
the quantitative failure of the heavy quark expansion of loop mass shifts for € = u does not
have very dramatic qualitative consequences.

As shown in Eqs. (12) and (13}, the main conclusion of this paper concerning the
inversion of the sj¢ = %+ and %+5pin multiplets depends on correctly determining o,. We
should therefore examine the power of the data to determine this matrix eiement. A good
understanding of the situation can be obtained by noting from Equs. (9)-(11) that, since

the 3 K, — $ K, mixing angle is stuall,

[2] o 1
my; —mg; 1.8 [(1_1;‘?‘ + ;“3} + 0.3;3} =0 MeV (31)
and
01 oy h+t/2] } .
My, MY [(1.1E+0.2;§)—0.2 = ] ~—120 MeV . (32)

The first of these splittings depends on a contribution close to ;"i*d, + '—':1? as in the SU(3)
limit {(see Eqns. (27)-(30)); the sccond displays a strong departure from the SU(3) limit.
This radical departure from SU(3) is signalled experimentally by ¢y, which, like ¢g, and
#p,. is close to zero in contrast to the SU(3) limit where it must be 35.3°. It is these
unique features of the sd systein that allow us to separate "212 and ;":E Using the facts that
0.3;‘3- and 0.2'%:{—2 are small, the results of Table IV for ""‘—’,d and T?;’ may actually be checked
directly from these two equations.

These conclusions may also be qualitatively cross-checked agaiust the ud system. As

just mentioned, the ud sector is sensitive to only k, t and o, + 0q, 50 that it alone cannot

determine o,. Moreover, sinee rg++ is not known, this sector cannot even uniguely determine

these three combinations of matrix elements. However, as mg++ varies in the“reasonable”
range {22} from a maximum of 1300 MeV down to 1000 MeV, m,, varies from 1273 + 14
MeV to 1248 £ 14 MeV, h,/m} varies from 57 & 17 MeV to 23 £ 17 MeV, ¢,/m?2 varies
from —64 £ 33 MeV to +103 £ 33 MeV, and (o) ,, + 03 »)/m2 varies from +26 + 10 MeV
to +76 = 10 MeV. This analysis is thus consistent with our carlier discussion of this sector.
Moreover, given that loop contributions to (o) + 0s)/m3 are relatively smooth functions of
mg even as ) —+ w, it confirms the small value of the combination {0, + 0,)/m} of greatest
interest here.

The most important prediction shown in Table V is that in the asymptotic case {to
which the physical case @ = b is very close) m(%E;) —-m (% E,) 2 +180 MeV, and that
even in the cd syslem there will be a splitting between the iEand iE centers-of-gravity of
[;—‘m (%El) +im (%Eo)] — [%m (gEg) + %m(%El)] =~ —3 (o) + 037;) = +135 MeV. In the

next Section we will show that this unexpected result has a very interesting interpretation.

IV. INTERPRETATION: THE FLUX-TUBE-PLUS-GLUON-EXCHANGE MODEL

The starting point for the preceeding discussion, Egs. {2)-(4), is a general expression
for the leading adisbatic potential between two heavy guarks. The key assumption of this
paper - - - which could certainly fail - - - is that the characteristics of this general form
can be extrapolated to light quark masses first in § and then in . Precisely because it is
not obviously true, this prediction is an interesting test of one of the main assumptions of
the valence quark model: that analogous degrees of freedom control the propertics of the
low-lying spectra of heavy-heavy, heavy-light and light-light systems and that the effective
forces between these degrees of freedom evelve smoothly as a function of the constituent
quark masses.

Having determined the valence contributions to the matrix clements &, ¢, 0, and oy that
arise in this context, we will now see that there is a very plausible interpretation of these

matrix clements in the context of the flux-tube-plus-one-gluon-exchange constituent quark



model. In this picture, the predicted spin-orbit inversion is a consequence of the Thomas
precession of the light antiquark § in the linear confining potential generated by the heavy
quark Q.

In such quark models, as mentioned in Section II, the interquark forces arse from flux
tube formation plus one-gluon exchange, and cne can express the matrix elements A, {, 0

and oz in terms of expectation values in the Qd 3/ system as

b o oy "
miﬁ =P lefnrga:se_f“""*"’l’Pz) (34)
g = CF "322;’3 - #'”’2) (35)
d
i ] 1 ina, 4
i { P2|3m—§r3| ) . (36)

In these formulas, a, is the strong fine structure constant {very appropriately named for
this context), 3 (¥) is & delta-function smeared out by relativistic corrections and by the
constituent quarks’ non-zero effective sizes, and foq,, of order unity, is a parameter charac-
terizing the screening of the chromomagnetic field in the vacuum outside the flux tube.
Since k = 0 for point-like quarks in the nonrelativistic limit, to have a rough estimate of
the size of A in systems with a light quark we must introduce a guark size. As m, — oc, a
quark's effective size would be characterized by its relativistic radius 1/m, [For m, — 0, this
radius will freeze cut at some constituent quark size ry << 1fm. When two quarks mteract
vie smne intrinsic potential ¥'{r,,), we assume that this potential is smcared out into ‘F(r_.,—,)

given by
V() = f &8 p (&) VIF; + 6) (37)

with

- 1 - )
p(8) = [di'a P11+ 58) 7 = 500 (38)

the convolution of the individual gquark smearing functions. Thus in cur Gaussian approxi-

mation
3N
S ,—3t el 39
pa(x) (2wr§) € {39}
where for & =t or ). r, 15 the effective radius of the quark and for o = i, rf, = rf +rd
With harmonie oseillator variational solutions [8] it immediately follows that
h Bda, 3 Bir?
m *27ﬁﬁm£2 YT (o
] 4 [1 + 3-657'_;.]
£ 160.,8% 1 (41)
m3 T O/ TmE [+ finagh/ B2
o 8a, 0% 2h
_12 =+ ’ﬁEz _ }552 (42]
m} 9/7m3 3/wmj
5] 160,,6‘]5
R 43
my 9y/mm} (13)
and !
hpv 320,88, 1
oy 9\;‘3*’; . (44)
Mg L] [1 + %ﬁ?:_vf'?‘ z

where fg (Bpy) is the gaussian perameter characterizing the variational solution of the
Coulomb-plus-linear problem for the excited state P-waves (ground state S-waves) in the
Q.q; system. The new matrix clement kpy /m3 is the one responsible for the splitting of the
ground state spin multiplet into its vector and pseudoscalar components; it will be helpful
in the discussion which follows.

With all the parameters appearing in Egs. (40) - (14) as given in Ref. [8], with ry o r, =~
{115 2 0.15 fm as given in Ref. (12}, and with fg.e = 1, these formulas give hpy-/m3 ~ 625

MeV (compared to the p— 7 splitting of 630 MeV), Afhpy = 0.0275%E (Table IV would give



0.06), t/m% = +37 MeV (Table IV gives +30 MoV o) /m) = —115 MeV (Table 1V gives
— 160 MeV) and o3/m? = +120 MeV {Table IV gives +115 MeV).

While this successful companson with the predictions of the flux-tube-plus-glion-
exchange quark model is not a proof of its validity, it does show the remarkable ability
of this model to describe the key features of not only the gross spectrum of Q1 states, tt
also their fine structure. Within this context, our main result that my —ma —180 MeV
also has a simple but profound interpretation: as mgy — o0, Thomas precession of the light
¢ in the confinement potential br overwhelms the ordinary spin-orbit force familiar froin
atomic physics to invert spin-orbit multiplets [7,24]. If verified experimentally. this effect
would lend strong support to the growing evidence that confinement is frec of dynamical

spin-dependent effects.

V. CONCLUSIONS

Based on the observed smooth evolution of the spectra of Qd systems from @ = & to
@ = u, we have extracted from the sd system estimates for the matrix elements which
control the 1/mg expension of heavy quark mesons. Checks on the validity of this approach
are its correct prediction of the observed properties of the charm and bottom systems. and
the compearison of its extrapolation to @ = u with experiment.

The most striking result of our analysis is the conclusion that the s3' = {r states
(with J® = 0* and 1*) of the cd and bd sytems will lie above rather than below the
57t = 3* states {with J” = 1* and 2*). While contrary to conventional wisdom and
mntuition based on atomic and QQ spectra, this inversion has a simple interpretation in the
usual quark model: Thomas precession in the spin-independent linear confinement potential,
a relativistic kinematic effect, has overwhelmed the usual atomnie-like spin-orbit force from
one-gluen exchange.

Although this would be an important eonclusion, perhaps the most iimportant ramifica-

tion of the confirmation of this effect would be the support it would lend to the evidence

disenssed here that heavy- and light-quark systems may be characterized by the same low-
energy degrees of freedom. Such an unexpected simplification of strong (QCD would be an
important step toward understanding the nature of confined hadronic systems. To com-
plete this picture will require confirming the key role that the strange quark plays as the
link between heavy- and light-quark systems me a much more comnplete experimental and

theoretical understanding of strange mesons and baryons and of strangeonia.
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